Performing attenuation measurements in unclad single crystal sapphire fiber has traditionally been accomplished through use of the cutback method. Single-crystal sapphire fibers do not cleave easily like silica fibers, so the cutback method requires repeated cutting and polishing of the sapphire fiber sample, which is very time consuming and introduces uncertainty in each loss measurement. In this paper, we present a new method to measure attenuation in sapphire or other single-crystal fibers based on distributed Raman optical time domain reflectometry (OTDR). This method is both nondestructive, significantly faster than the cutback method, and capable of measuring the local loss along the entire length of the fiber.
INTRODUCTION
Single crystal sapphire optical fibers are considered well suited for harsh environments due to their high melting point (2053º C) and their immunity to electromagnetic interference, oxidation, and most chemical affects. Sapphire fiber has significant potential for sensor applications in fossil energy, and is likely to be more widely used as a sensor material in the future. High quality sapphire fibers have been manufactured with the laser heated pedestal growth (LHPG) method [1, 2] and the edge-defined film growth (EDFG) method [3] .
Since most single crystal fibers have no cladding, some optical property measurements such as numerical aperture [4] and attenuation [5] are more difficult than the same measurements in standard silica fibers. Incorrect setup or handling of the fiber may introduce large errors in such measurements. Attenuation in any optical fiber is generally comprised of absorption and scattering losses (see Figure 1 ). The absorption in single crystal materials includes absorption by impurities and absorption intrinsic to the bulk crystal [6] . The concept of scattering can be divided into photon scattering and scattering caused by geometric fiber imperfections. There are three well know photon scatterings mechanisms, which include (1) Rayleigh; (2) Brillouin; and (3) Raman scattering. Among those three, Rayleigh scattering exhibits the strongest intensity, while Raman scattering has the lowest intensity. The scattering caused by geometric fiber imperfections is also called surface scattering, which can be further subdivided into macro-bending scattering and micro-bending scattering [6] . Macrobending scattering occurs when the fiber is bent with a large radius of curvature, usually in the range of centimeters. Micro-bending scattering is determined largely by the roughness of the fiber surface, which ranges from about 100nm to 1µm in a high quality sapphire fiber. The attenuation of silica fibers at visible and near-infrared wavelengths are mainly determined by the impurities induced absorptions, such as -OH absorption at 1380nm, and elsewhere determined by the Rayleigh scattering, which is shown in Figure 1 . In the early stages of sapphire fiber and LHPG system development, Rayleigh scattering and impurity-induced absorption appeared to be the dominant factors driving the total attenuation of sapphire fiber in the visible wavelength range [7] . As feedstock purification techniques improved and high purity sapphire pedestals became available, the impurity-induced absorption was significantly reduced. Today, sapphire fibers can be produced with minimal impurity absorption. Usually, high quality sapphire fiber exhibits an ultraviolet absorption at wavelengths less than 450nm, and elsewhere in the spectrum Rayleigh scattering determines the total fiber losses. However, due to the imperfect crystal growth and the lack of cladding, the sapphire optical fiber suffers much larger geometric scattering. Tremendous efforts have been focused on producing a sapphire fiber cladding to protect the crystalline fiber core from contamination, and to reduce the number of propagating transverse modes in the fiber [8, 9] . Various methods have been reported in the literature including the sol-gel method [10] , wet-etching [11, 12] , and formation of nanometer scale cavities on the fiber surface with ion implantation [13] . Unfortunately, so far the success of these explorations has been rather limited because each of these cladding methods introduces significant attenuation, and most flake off or have other damage at higher temperatures. In practice, unclad sapphire optical fibers suffer additional losses caused by surface contamination, which can be well controlled through careful handling and packaging. It is foreseeable that the Rayleigh scattering will eventually determine the attenuation of a properly cladded sapphire optical fiber as well, and that total losses will be closer to the attenuation range exhibited by multimode silica fiber in the visible and near infrared range [14] .
There are three common methods used to measure the attenuation of an optical fiber: a) the insertion method, b) the cutback method, and c) Optical Time Domain Reflectometry (OTDR) [15] . The insertion method and its variants basically involve measuring optical transmission from a source to a detector with and without the insertion of the fiber under test. This method generally conflates the losses associated with coupling with the intrinsic losses along the fiber. In sapphire fiber, end-polishing losses are more significant, and further obscure the intrinsic losses we wish to measure. The cutback method requires polishing the input end of the sapphire fiber one time, coupling it to a light source, and then subsequently cutting the fiber by a specific length, repolishing the new fiber end face, and remeasuring the optical output at the detector after each cut and polish. This method is able to extricate the input coupling losses from the intrinsic fiber losses, but it still suffers some inaccuracy due to variations in the quality of each newly polished end-face. Fortunately, variations in the quality of the fiber's output facet are not as critical as variations in the quality of the input facet since the input facet will affect the overall power coupled into the fiber, while the output facet only affects the scattering and reflection of the remaining light transmitted through the optical fiber at the output. The cutback method only provides average losses over the entire length that is cut, rather than at each point along the fiber. Furthermore, the cutback method is extremely time consuming, requiring several stages of abrasives with optical inspection between each polishing step. For these reasons, we decided to explore using the OTDR method to evaluate the losses in sapphire optical fibers, and compare those losses with those determined by the cutback method. Although this method requires a much more complicated and expensive interrogator, it is capable of providing quick and non-destructive measurement of the fiber under test. Any of the time domain based fiber interrogation techniques generally require coupling a short and intense laser pulse into the fiber, and observing one of the scattering mechanisms that naturally occurs as the light propagates through the fiber. Both Rayleigh and Raman scattering can be used for attenuation measurements as they occur bidirectionally in fiber. Brillouin scattering only propagates in the forward direction, making it incompatible with single-ended fiber interrogation. Because both the forward propagating pump pulse and the backward scattered signals undergo the same scattering and absorption, one can derive the total attenuation in the fiber by measuring the slope of the backward scattered light in the time domain. The Rayleigh or Raman scattering power P(z) from a scattering element at position (z) of the fiber is [16] :
where P0 is the laser pulse peak power, Δt is the laser pulse duration time, g  is the group velocity of the light in the fiber, f  is total attenuation coefficient in forward direction, b  is the total attenuation coefficient in backward direction, and ρ is the scattering loss coefficient, S is the capture fraction. In Raman scattering, ρ is proportional to the differential cross section of the fiber, which can be deduced from Bose-Einstein statistics.
Rayleigh scattering is elastic, thus the wavelength of Rayleigh scattered light is the same as the laser wavelength. As a result, attenuation in the forward direction and the backward direction are the same. Raman scattering is inelastic scattering with Stokes light scattered at longer wavelengths than the pump and Anti-Stokes photons scattered at shorter wavelengths than the pump. Sapphire Raman scattering has been well characterized [17] , and exhibits 7 Raman lines shifted between 379cm -1 and 750 cm -1 at room temperature. If the pump laser wavelength were at 1550nm, the Stokes Raman lines occur over a range of approximately 1650nm to 1750nm. When the laser wavelength is short, for example at 532nm, the Stokes Raman lines occur over a range of approximately 543nm to 554nm, which is much closer to the laser wavelength. Therefore, the forward and backward attenuation coefficients are approximately equal with a short laser wavelength. The intrinsic Raman properties of sapphire, including its Raman cross section and line positions, make it an excellent candidate for distributed interrogation and loss measurement via Raman scattering.
SYSTEM DESIGN
In order to design a reasonable distributed Raman loss measurement system for sapphire optical fiber, a number of critical design considerations must be made. Firstly, because Raman scattering intensity is inversely proportional to the fourth power of the wavelength, a laser wavelength between 355nm and 1000nm is recommended for this application. The sapphire fibers have higher loss at much shorter wavelength due to ultraviolet absorption; thus, the attenuation measurement at shorter wavelengths (<355nm) are less interested. Taking the pulse broadening effect into consideration, the laser pulse duration time should be less than 1ns to achieve a reasonable spatial resolution. The Raman scattering intensity is also proportional to the laser pulse energy. With the same pulse energy, a short pulse duration time means higher peak laser power. Although only 2 different lasers (with 700ps and 5ps pulse duration) were available with which to conduct our experiments, we noted that 5ps pulses were more likely to cause damage than the 700ps laser. In our experiment, the laser pulse energy is about 5µJ with a repetition rate of 400Hz. From our observations, this pulse energy and repetition rate are still far below the damage threshold when the focused pump beam diameter is larger than 62.5µm. Thus, a more powerful pulsed laser can be used to enhance the signal to noise ratio of the Raman signals.
Although Rayleigh OTDR is a relatively mature technique for measuring fiber attenuation and locating fiber splices, there are some caveats to successfully deploying any time-domain system with sapphire fiber. Generally, strong couplingreflection peaks induce large errors into the OTDR signal, as they are large in comparison to Rayleigh or Raman scattering. The front end-facet reflection peak can be partially suppressed with aid of an FC/APC connector. The standard FC/APC connector has an 8-degree angle with respect to the fiber radius. Due to its large mode volume and numerical aperture, sapphire optical fiber requires larger polishing angles or other index matching techniques at the front connector to reduce the entrance-facet reflection peak. Raman OTDR does not have a strong front reflection because both the Fresnel reflection and Rayleigh scattered light can be rejected by the same laser rejection filter; thus it is capable of accurately measuring attenuation in very short (<20 cm) fibers. In the future, development of a more reliable connection method between sapphire fiber and other types of fiber needs to be addressed. Most commercial sapphire fibers come without any end connector. No standard method has been developed to splice a sapphire fiber with a silica fiber due to the large mismatch in thermal expansion coefficients (TEC). Zhu [18] successfully developed a method to connect a sapphire fiber with a multi-mode silica fiber with a round trip loss of about 3-5dB. This loss is good enough for sensor application, but it does not solve the strong peak problem at the joint. Fortunately, our Raman OTDR system is designed with free-space laser coupling, which reduced the stringent connectorization requirements.
In order to couple the fiber to a laser source or perform cutback measurements on sapphire fiber, it was first necessary to install connectors on the sapphire fiber end-facets. The connector may be SMA type, bare ferrule, ST type, FC/PC, or FC/APC type. In this experiment, all connectors are made into FC/PC (flat end face) or FC/APC (8 degree angle polished face) types. Regular bonding epoxy for silica fiber connectors is usually only good for permanent connections. Here, we introduce phenyl salicylate as a new bonding material for temporary fiber connectors. In its solid form, it is strong enough to support the sapphire fiber during the polishing process. When melted, it will flow between the fiber and inner-barrel of the connector, allowing it to fully support the fiber inside the connector. By adding a tiny amount of solidified material to the liquid, the bonding material is able to crystallize in about 30 seconds. Since the bonding material has a melting point of 41 º C, the fiber can be easily removed from the ferrule with a heat-gun. Any bonding material residue inside the connector can be easily dissolved and cleaned with acetone. This material makes it much easier to repeatedly install connectors on sapphire fiber. The end terminations become removable and exchangeable, which is not only convenient, but also effectively reduces the cost of connectorization. In our experiments, we obtained commercially available sapphire optical fiber with diameters of 75µm and 125µm. These fibers were described with a diameter variation of ±5µm, so ferrules with inner diameters of 80µm and 140µm are preferable. The fibers were inserted and fixed in the ferrules with a small amount of bonding material at the tip, and were subsequently polished at the end-facet. A 200X magnified image of a finished end-facet is shown in Figure 2 Figure 3 shows the experimental Raman OTDR system. The pulsed laser was a passively Q-switched microchip laser (Concepts Research Corporation, SPL-532-X-X) at 532 nm. The laser light first passed through a laser clean-up filter, and was then divided into 2 beams with a 50:50 ratio beam splitter. The first beam was attenuated and monitored by a highsensitivity, high-speed photodetector (Thorlabs, SV2-FC). The signal from this beam was used as the trigger signal for data acquisition. The second beam was focused into the sapphire fiber under test with a convex lens (f=30mm). The other end of the sapphire fiber was terminated in a beam-stop. The backward scattered light was filtered using a stop-line filter that rejected pump light. The remaining Raman light was further separated by a dichroic beam splitter, which separated Figure 3 . Schematic of Raman OTDR system [19] the Stokes and Anti-Stokes signals. Additional ~25nm-wide band-pass filters were used to remove any stray light from the Raman signals. The band-pass filters were wide enough to pass all 7 Raman modes exhibited by the sapphire fiber. The Stokes and Anti-Stokes signals were measured by two identical avalanche photodetectors (Thorlabs, APD210). Finally, both signals were displayed and collected by a high-speed oscilloscope (Lecroy, WavePro7 Zi-A).
EXPERIMENT
Four commercial single crystal sapphire fiber samples were used in this experiment (Micromaterials Inc). The characteristics of these samples are summarized in Table 1 . Samples 1 and 2 were 125µm diameter and sample 3 was 75µm diameter as they were received. Sample 4 had a diameter of 90µm, which was etched down from a 125µm sapphire fiber. The etching process is explained in the references [11, 12] . The bandwidth of the oscilloscope was set at 1GHz. The time-resolved Raman Stokes signal and Anti-Stokes signal from fiber sample 1 are shown in Figure 4 (a) . The spectrally integrated Stokes signal from the sapphire fiber is about 22 times stronger than the Anti-Stokes signal. The strong peak at 11ns is the partial reflection of the accumulated forward Stokes signal and Anti-Stokes signal from the exit end of the fiber. The X axis of the time domain signal can be converted into distance using:
where z is the distance, c is the light speed in vacuum, t is the time, and n is the refractive index of the fiber at the laser wavelength. To demonstrate the utility of this method in determining loss for a number of different sapphire fibers, the Raman OTDR system was used to evaluate losses in the remaining fiber samples. Figure 5 shows the Raman OTDR signal for sapphire fiber samples 2, 3, and 4. To increase the signal to noise ratio, the oscilloscope's bandwidth was set to 200MHz. In sample (a) (b) 3, a distinctly non-linear attenuation was observed. Attenuation of the front section of sample 3 (0 to ~0.3m) is about -2.7dB/m while the rest of the fiber exhibits an attenuation of about -6.7dB/m. This is likely to be some variation in the growth and manufacturing process which is readily revealed by the Raman OTDR system, but may not be observable via a cutback technique. Samples 2 and 4 were also noted to exhibit non-linear attenuation patterns with averages of about -4.1dB/m and -7.8dB/m respectively. Sample 4 has higher attenuation due to surface contamination and increased surface roughness after etching. Through use of this method, we were able to deduce that losses in this commercially available, 125µm diameter sapphire fiber varied from -2.0dB/m to about -4.0dB/m at various locations. In order to compare the Raman OTDR method with the cut-back method, we measured the attenuation of the sapphire fiber sample 1 using the cut-back method. The light source was a laser diode (Thorlabs, TCLDM9) at 532nm, which was controlled and stabilized by a laser diode controller (Thorlabs, LDC240C) and a temperature controller (Thorlabs, TED350). One end of a multimode silica fiber was butt-coupled to the end facet of the laser diode assembly, which resulted in over-filling of the fiber modes. The numerical aperture (NA) and the core of the multimode fiber is smaller than the sapphire fiber-under-test (FUT), which ensures coupling to lower-order modes in the FUT. In this experiment, the multimode lead-in fiber has a core diameter of 62.5 µm and numerical aperture of 0.22. The FUT was connected to the lead-in fiber throughout the cutback experiment to keep the light coupling constant at the entrance. The photodetector (Thorlabs, PDA100A) measured the transmitted power, which was displayed on an oscilloscope (Tektronix, TDS3054B). The experimental setup is illustrated in Figure 6 . In step 1, we measure the intensity transmitted through the lead-in fiber with a light source and a photodetector. In step 2, we install connectors on both ends of the sapphire fiber, and measure the transmitted intensity with the FUT attached to the lead-in fiber. The attenuation is equal to the difference in transmitted intensity measured in the previous two steps. Next, step 2 is repeated after cutting off a short section of the sapphire fiber and polishing the new end-facet. Each subsequent step reveals the average loss in the section which was cut back. Figure 6 . Procedure of fiber attenuation measurement based on cut-back method Figure 7 shows the measured transmitted optical power during cutback for sample 1 with a log-scale. Because significant error would result from use of the initial end-facet power due to the coupling efficiency and input reflection, all intensity measurements are normalized to the intensity at 0.4 m. During the cutback experiment, some deviation from the roughly straight line predicted in Figure 4 was noted. It was expected that some variation in the polishing procedure could be evident, so after the first three measurements, additional polishing steps were added to decrease measurement errors. For subsequent measurements (lengths 0.7m -0.4m), each end facet was polished, power was measured, and the polishing and measuring steps were repeated 3 times. Each length data point after the first three measurements then contains 3 measurements. These three measurements at each length show a maximum error of 0.186dB, corresponding to 13.3% of full-scale. A linear regression was performed on all data points between 0.4 and 0.7m. The slope of that linear regression shows that the fiber has an attenuation of -1.9dB/m, which is close to the Raman DTS measurement result. The cutback experiment took tens of hours due to the long cutting and repeated polishing process. In contrast, the Raman OTDR measurement took less than a second, illustrating the efficiency of the Raman method for loss measurements. 
CONCLUSION
In summary, we demonstrated sapphire fiber attenuation measurements using a Raman OTDR system for the first time.
The local loss can be deduced from the slope of the Raman signal in the time domain. This experiment demonstrated that both Stokes and Anti-Stokes scattering can be used to derive the attenuation information. We noted that calculated losses at the anti-Stokes wavelength were slightly higher than those at the Stokes wavelengths, which agrees with theory. The Raman OTDR method has lower polishing quality requirements on the sapphire fiber connector, in comparison with the cutback method, which requires high-quality polishing at each cutback step. Compared with the cutback method, this method is faster, more accurate, non-destructive, and capable of measuring the local loss along the length of the fiber in a single measurement. 
